By using immunocytochemical techniques, we examined the localization of a 67 kDa Ca2+ binding protein (p67) and calpactin I heavy chain (p36) in venmcular myocytes, skeletal myocytes, and intestinal smooth muscle cells. Immunofluorescence miaoscopy revealed that the p67 was expressed in all these muscle cells, whereas anti-p36 antibody stained cells in connective dssues but failed to stain these muscle cells. Immunogold electron miaoscopy was carried out to examine the subcellular localization of the p67 in muscle cells.
Introduction
The sarcolemma (SL) plays a key role in mediating the metabolic, electrophysiological, and contractile function of myocytes. The SL of cardiac myocytes is equipped with multiple mechanisms including Na+/Ca2+ exchange, the ATP-driven Ca2+ pump, and the voltage-dependent Ca2+channel by which Ca2+ movement across the SL seems to be controlled (Wier, 1990) .
In addition to its role as a d o l d for such trans-sarcolemmal Ca2+ transporters as well as for various hormone and drug receptors, the SL itself has Ca2+ binding activity (Langer, 1984 (Langer, ,1986 . The association of Ca2+ with the SL membrane has been also suggested by histochemical electron microscopy (Borgers et al., 1984) . Philipson et al. (1980) have reported that the majority ofCa2+ (>70%) bound to the SL is associated with membrane acidic phospholipid, while Limas (1977) suggested that proteins might be involved in Ca2+ binding to the SL but no specific Ca2+ binding protein was identified.
The evidence for the involvement of proteins in sarcolemmal Ca2+ binding has been obtained by a recent study which showed that the SL membrane contains 120 and 100 KD Caz+ binding pro- the plasma membrane of muscle cells and the presumptive tmn"e tubules of the striated mpocgtes. Immunoblot analysis with anti967 antibody showed that the p67 was indeed a constitutive protein of the sarcolemma isolated h m rat hearts. These results indicate that the p67 is a sarcolemmaassociated Ca*+ binding protein e x p d in both striated myocytes and intestinal smooth muscle cells. (/Histochem Cyrdem 40:1899 -1907 KEY WORDS: Ca2+ binding protein; A n n e , Sarcolemma; "sverse tubule; Muscle cells.
teins (Michalac et al., 1990) . Additional evidence came from our recent study which showed that the ann&-like 67 KD Ca" binding protein p67 was localized at the SL of atrial myocytes as well as in some exocytotic endocrine cells (Iida et al., 1992) . This observation raises the question of whether p67 is a unique protein in secretory cells or is widely distributed in other types of musde cells, such as ventricular myocytes, skeletal myocytes, and smooth muscle cells. The present study showed that p67 was expressed not only in the atrial myocytes but also in ventricular, skeletal, and intestinal smooth muscle cells, and that the protein was exclusively confined to the plasma membranes of these muscle cells. Immunoblot analysis of isolated sarcolemmal vesicles also supported the finding that the p67 is an SLassociated protein.
p67, which seems to belong to the annexin proteins that constitute a novel family of intracellular Cat+ binding proteins which share the ability to bind to acidic phospholipids in a Ca2+dependent way (Burgoyne and Geisow, 1989; Geisow et al., 1987) . appears to be involved in Ca2+-regulated events at the cell surface of muscle cells.
Materials and Methods
Protein Isolation and Characterization of Antibodies to p67 and p36. Crude Ca2' binding proteins of bovine hearts were isolated by cycles of Ca2+-dependent precipitation followed by EGTA re-solubilization as described previously (Iida et al., 1992) to the procedure described previously (Iida et al., 1992) . Purified proteins were used to immunize rabbits to obtain antibodies to the p67 and calpactin I. and affinity-purified antibodies to the p67 and p36 (heavy chain of calpactin I) were prepared by the blot-affinity method of Smith and Fisher (1984) . The specificity of the affinity-purified antibodies that were used in the present study has been verified by both Western blot analysis and absorption tests in immunofluorescence microscopy (Iida et al., 1992) .
Immunofluorrxmce and Immunoelecuon M i m p y . Small intestine, ventricle. and skeletal muscles (gastrocnemius) of adult Wistar rats were fmed in periodate-lysine-paraformaldehyde fixative containing 2% paraformaldehyde at 4'C for 3 hr. The samples were then extensively washed in PBS containing 50 mM NfiCI. infused with 0.6 M sucrose. and frozen in liquid nitrogen-cooled Tissue Tek (Miles; Elkhart, IN). Ten-pm sections were used for immunofluorescence microscopy after staining either with anti-p67 or with anti-p36 antibodies followed by fluorescence-labeled secondary antibodies. as described previously (Iida er al., 1988) . For controls, the primary antibodies were replaced by pre-immune serum.
For immunoelectron microscopy, fixed tissues were dehydrated in dimethylformamidc, infiltrated with Lowicryl K4M resin (Polyscienccs; Warrington. PA), and embedded in the resin at 4'C. Ultra-thin sections were immunolabeled with anti-p67 antibody followcd by IO-nm gold-conjugated anti-rabbit IgG Uansscn Life Science Products; Beerse. Belgium) as previously described (Iida et al., 1992) . For controls, the primary antibody was replaced by pre-immune serum. Sections were examined in a JEOL 2000 EX electron microscope after staining with uranyl acetate and lead citrate.
Preparation of Rat Heart Sarcolemmal Vesicles. Sarcolemmal vesicles of rat hearts were prepared by the sucrose flotation method ofJones (1988). Bridly. crude sarcolemmal vesicles. prepared by cycles of polytron homogenization followed by centrifugation, were suspended in 15 ml of 1 M sucrose dissolved in 0.3 M NaCI, 50 mM tetrasodium pyrophosphate. and 0.1 M Tris-HCI (pH 7.1). and placed at the bottom of centrifuge tubes for a Bcckman SW 28 rotor. Ten ml of 0.6 M sucrose dissolved in 0.3 M NaCI. 50 mM tetrasodium pyrophosphate, and 0.1 M Tris-HCI (pH 7.1) was next layered on the top of the vesicle suspension, and 10 ml of 0.25 M sucrose dissolved in 10 mM histidine (pH 7.1) was then layered on the top of the 0.6 M sucrose. The samples were centrifuged for 6 hr at 144,000 x g. Snow-white bands at the interface of the 0.25 M/O.6 M sucrose layen were collected, diluted, and then centrifuged for 30 min at 200.000 x g. The final pellets were either processed for routine electron microscopy or dissolved in sample buffer for SDS-PAGE.
Electrophoresis and Immunoblomng. Proteins were separated by electrophoresis on 12% SDS-polyacrylamide gels following the procedure of Lacmmli (1970) . Immune blotting was performed by one-dimensional clcctrophoresis. followed by electrophoretic transfer to nitrocellulose sheets. Nitrocellulose sheets were stained with anti-p67 antibody followed by hoaeradish peroxidase-labeled goat anti-rabbit IgG (Bio-Rad Laboratories; Richmond, CA), and the localization of peroxidase was detected by the reaction with diaminobenzidine as previously described (Iida et al.. 1992) .
Results

Immunofluorescence Microscopy
Immunofluorescence labeling of 10-bm cryosections was carried out to examine the distribution of p67 in ventricular, skeletal, and smooth muscle tissues. We also examined in these muscle tissues the distribution of p36, the heavy chain of calpactin I (annexin 11). which is a Ca2+ binding protein co-isolated with p67 from bovine hearts (Iida et al., 1992) .
In both ventricular and skeletal muscle tissues, anti-p36 antibody stained cells in connective tissues between myocytes and blood vessel cells but failed to stain the myocytes ( Figures 1A and 1D ). In contrast, examination ofsections ofventricular and skeletal musde tissues labeled with anti-p67 antibody showed that the cell periphery of both suiated musde cells was strongly labeled with the antibody ( Figures 1B and E ). p67 was also found to be localized at the intercalated dkc region of ventricular myocytes ( Figure 1B and IC). At high mlsnificltion. a cross-suiated fluorescent staining pattern was detectable in longitudiaal sections of both striated muscle cells ( Figures 1C and IF) .
Fmmination of uyosections of small intestine showed that p36 was detected at the brush border of the enterocytes and the serous membrane (Figure lG) , whereas the p67 was localized in both smooth muscle layers and cells in the lamina propria ( figure 1H) . At high magnification, p67 was detectable at the cell periphery of smooth muscle cells of the intestine ( Figure U) . We also examined the distribution of p67 in several tissues containing smooth muscle layers: p67 was detectable in smooth muscle layers of rat stomach, colon, and uterus, but undetectable in smooth muscle cells of aorta (data not shown). For controls, primary antibody was replaced by pre-immune serum. Immunoreactivity of control sections was negative (Figures lJ-lL) .
Immunoelectron Microscopy
To determine the subcellular localization of p67 antigen, ultra-thin sections of fixed adult rat tissues embedded in Lowicryl K4M were labeled with the anti-p67 antibody by the immunogold labeling technique. For control, the primary antibody was replaced by preimmune serum. The pre-immune serum gave no specific immunogold labeling to any cell organelles in all the tissues examined in the present study (data not shown).
Ventricle. Examination of the distribution of gold particles in ventricular myocytes showed that the gold particles were densely distributed on the sarcolemma (SL) (Figure 2A ) and intercalated disc, with the exception of gap junctions and desmosome-like junctions in which we did not observe any gold particles ( Figure 2B ). Gold particles were also seen on the limiting membrane of vesicular and tubular structures, which were often observed in the interfibrillar spaces in the vicinity of the 2-line and therefore can be identified as transverse tubules (T-tubules). The p67 immunolabeling on the T-tubule membranes was easily discerned when longitudinally-sectioned T-tubules were visualized ( Figure 2C) . A cross-sectioned T-tubule labeled with gold particles is shown in the inset to Figure 2B . A cross-striated fluorescence pattern as seen in Figure 1C could therefore be due to the staining of T-tubule membranes with the antibody. Other cell organelles such as nuclei, mitochondria, and myofibrils were almost devoid of gold particles (Figures 2A-2C) .
Skeletal Myocytes. The SL of skeletal myocytes was discernible in Lowicryl-embedded tissues, whereas the limiting membranes of T-tubules were difficult to resolve precisely in most cases, probably because of their very small diameter. However, both the terminal cisternae of the sarcoplasmic reticulum (SR) in the triad and their electron-dense thickening, which should correspond to the foot structures of Ca2+-release channels of the SR, were sometimes identified ( Figure 3C) . T-tubules, therefore, were believed to be located in a space between the foot structures facing each other in the triad.
The distribution of gold particles in skeletal myocytes labeled with the anU-p67 antibody was similar to that of ventricular myocyte, in that gold particles were exclusively confined to the SL (Fig  ure 3A) and presumptive T-tubule membranes (Figure 3D and 3E) . At the SL, a considerable portion of gold particles appeared to be localized either on the membranes or at the inner surface of the membranes, but not on the exterior of the cell surface ( Figure 3B) . At the triad, since gold particles were observed on the foot structure region in which SR and T-tubule membranes were closely apposed ( Figures 3C-3E ). it was difficult to determine whether the antibody labeled aT-tubule membrane protein or afoot-structure protein of the SR. Our previous study (Iida et al., 1992) . as well as the result shown in Figure 7 in the present study, has demonstrated that the anti-p67 antibody was indeed specific for the 67 KD protein. It is therefore unlikely that the antibody labeled a >300 KD foot protein of the SR (Takeshima et al., 1989; Inui et al., 1987) .
Smooth Muscle Cells. Examination of the distribution of gold particles in intestinal smooth muscle cells labeled with the anti-p67 antibody showed that most of the p67 labeling was confined to the SL of the cells (Figures 4A and 4B) . The p67 labeling was apparently absent from other cell organelles such as mitochondria, nuclei, and myofilaments.
Immunochemical Detection of p67 in Isolated Sarcolemma
Western blot analysis was performed to examine whether p67 is indeed a constitutive protein of the SL. Sarcolemmal vesicles of rat hearts were isolated by the sucrose flotation method ofJones (1988) . Figure 5 is an electron micrograph of thin-sectioned pellets of isolated sarcolemma. The figure shows a predominant vesicular membrane profile. Proteins of isolated SL were separated by SDS-PAGE and transferred to nitrocellulose sheets for immunochemical detection of the p67 antigen with the anti-p67 antibody, which shows strong immunoreactivity with bovine heart p67 ( Figure 6 ). The observation that in the separated sarcolemmal proteins the anti-p67 antibody labeled apolypeptide band at the position of 67 KD (Figure 7) suggests that p67 is indeed a constituent of the SL of rat hearts, a result consistent with that of the immunocytochemical findings shown in the present study.
Discussion
Recently, a family of Ca2' and phospholipid binding proteins, which has been given the generic name annexin (Geisow et al., 1987) , has been isolated from a wide variety of tissues and cells. Although establishing their exact subcellular localization should be a first step towards understanding their physiological roles, only a few species of annexins, such as annexin I and 11, have been clearly shown to be localized, by immunofluorescence and immunoelectron microscopic techniques, in several types of secretory cells (Handel et al., 1991; Nakata et al., 1990; Goldberg et al., 1989) , germ cells : 8 x 97,000; C. D x 73,000; E x 81,oOO. B a n I 0.2 pm. A 2 6 ,~; B 57,000 , B~~ = 0.5 pm. (Feinberg et al., 1991) , fibroblasts (Semich et al., 1989) , and in the brush border of enterocytes (Gould et al., 1984) . Although recent data suggest that calpactin I (annexin 11) participates in the fusion process between secretory granules and the plasma membrane during exocytosis in chromaffin cells (Burgoyne, 1988; Drust and Creutz, 1988) , the functions of the protein in other cells, such as fibroblasts and enterocytes, remain unknown.
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By using immunofluorescence and immunogold electron microscopy, we have recently shown that 67 KD Ca2+ binding protein (p67), which can bind to phospholipid vesicles in the presence of Ca2+ (unpublished data) and therefore seems to correspond to annexin VI, was expressed in some types of endocrine cells, including atrial myocytes (Iida et al., 1992) . This result suggests a possible role for p67 in the regulation of ANP secretion, as proposed for the annexin VI in other secretory cell types ( Moss et al., 1991) . However, in some types of secretory cells, such as pancreas exocrine and endocrine cells, we failed to detect p67 (Iida et al., 1992) . Furthermore, the present study showed that both striated muscle cells and intestinal smooth muscle cells expressed the protein at their cell periphery. These results indicate that p67 is neither a ubiquitous protein in endocrine and exocrine cells nor is restricted to cells with regulated exocytotic pathways. In view of its Ca2+ binding property and its localization at the SL, we can assume that, at least in these muscle cells which are not specialized for regulated secretion, p67 may participate in some Ca2+-regulated events at the cell surface other than exocytosis. We are, however, unable to exclude the possibility that p67 is involved in exocytosis in some types of endocrine cells that express the protein.
The present study showed that the subcellular localization of p67 in the muscle cells examined was very similar, in that detectable p67 antigen was exclusively restricted to the SL and presumptive transverse tubules. The result that p67 is an SLassociated protein was also supported by immunoblot analysis of isolated sarcolemmal vesicles of rat hearts. We also observed that p67 in sarcolemmal vesicles isolated from bovine heart was recovered exclusively in the aqueous phase after Triton X-114 phase separation, which suggests that p67 is a hydrophilic but not an amphiphilic integral membrane protein (unpublished data). This observation is not consistent with the report of Bianchi et al. (1992) , which showed that 40-50% of membrane-bound annexin VI behaves like an integral membrane protein. At present we have no explanation for this discrepancy.
Annexin VI, a 67 KD Ca2+lphospholipid binding protein, has been isolated from lymphocyte plasma membranes (Davies et al., 1984; Owens and Crumpton, 1984) and membrane vesicles of liver (Shadle et al., 1985) . Its amino acid sequence has been determined by two groups (Crompton et al., 1988; Sudhof et al., 1988 ). Annexin VI has been reported to be associated with plasma membranes of several types of cells (Bianchi et al., 1992; Drust and Creutz, 1991; Buhl et al., 1991) . These observations are consistent with our results, which showed that p67, which seems to correspond to annexin VI, is an SLassociated protein. Of course we need an analysis of its amino acid sequence to identlfy p67 as annexin VI because several distinct annexin species of 67 KD molecular mass have been isolated from placenta (Buhl et al., 1991; Hayashi et al., 1989) . In contrast, it has been reported by other groups that annexin VI was associated with calcium-sequestering intracellular organelles such as SR of skeletal muscles (Hazarika et al., 1991; Diaz-Munoz et al., 1990) and mitochondria and endoplasmic reticulum of germ cells (Feinberg et al., 1991) . At present we have no explanation for this discrepancy. Our observations are reminiscent of the previous histochemical study of Borgers et al. (1984) , which showed that a part of Ca2+ in both skeletal and ventricular myocytes was associated with the SL and T-tubule membranes, an observation suggesting that the plasma membranes of the striated myocytes have CaZ+ binding property. The association of Ca2+ with the SL has been also reported by Langer's group (1984 Langer's group ( ,1986 . These results enable us to speculate that a part of intracellular Ca2+ in the striated myocytes binds to the SL by virtue of Ca2+ binding proteins located at the SL such as p67, by which Ca2+ might indirectly regulate some cell functions such as activities of membrane receptors or ion channels at the cell surface of the muscle cells. It is also likely that CaZ+ binding proteins located at the SL play an important role in the control of the overall cellular Ca2+ homeostasis in myocytes. Another Ca2+ binding protein, annexin V, has been recently reported to be localized at the cell surface of cardiocytes but not detectable at the cell surface of skeletal muscle cells (Giambanco et al., 1991) . The same group has recently reported that the SL appeared to be the main target of annexin V at physiological free Ca2+ concentration (Pula et al., 1990) . Further studies of these SLassociated Ca2+ binding proteins in muscle cells will cast a new light on the functional significances of the SL.
